In this study, we investigated the vibration properties of Sn-Zn and Sn-Zn-Al alloys. It is notable that, with a small amount of Al addition, Sn whiskers were generated during resonant vibration. This may be the first time that Sn whiskers were found on bulk materials. Microstructural refining and hardening caused by alloying of Al stunted the fiberous type Sn deformation within Sn-Zn eutectics. Vibration-induced extrusion of Zn-free regions in the vicinity of cell boundaries may account for the appearance of the whiskers.
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The development of lead-free solders is currently of great interest to the electronic packaging industry due to the ban on the usage of lead. Sn-Zn eutectic alloy has recently been considered as a candidate for a lead-free solder material because of its low melting point (198°C), excellent mechanical properties, and low cost.
1,2 However, since Zn-containing alloys have disadvantages related to oxidation and wetting, 3, 4 new Sn-Zn based alloys are now under development. It has been reported that the addition of Al to the Sn-Zn system reduces hightemperature oxidation and improves the wettability. 5, 6 However, deterioration in tensile properties of a Sn-ZnAl alloy with Al content of 0.5 wt% occurred with prolonged natural aging. 7 Given that failure may occur due to vibration when solder joints are assembled, e.g., in vehicles and aircraft, [8] [9] [10] especially when the vibration frequency meets the resonance, the vibration fracture resistance should be taken into consideration in the alloy design of lead-free solders. The objective of this study is to explore the effect of Al additions on the resonant vibration behavior of Sn-Zn-Al alloys. Near-eutectic Sn-Zn alloys with Al content of 0, 0.2, and 0.5 wt% were prepared (designated as Sn-Zn, Sn-Zn-0.2Al and Sn-Zn-0.5Al, respectively) and cast into a Y-shaped graphite mold. All specimens were naturally aged at room temperature for 30 days to stabilize the microstructure before testing. The microstructural characteristics were analyzed quantitatively with an image analyzer and Vickers hardness tester. Each data point was the average of 15 tests.
A simple cantilever beam vibration system, shown schematically in Fig. 1(a) , was used for the vibration experiments. The test specimen, rectangular with dimensions 20 × 100 × 4 mm was mounted and fixed on end to the vibration shaker [ Fig. 1(b) ]. Two V-notches near the clamp were made to induce stress concentration. The vibration force was monitored using an acceleration sensor, and the deflection amplitude of the specimen at the end opposite the vibration shaker was recorded by a deflection sensor once every 10 s. The resonant vibration tests were conducted at the resonance frequency, which was taken as the frequency leading to the largest deflection and determined by varying the vibration frequency continuously. The variation in deflection amplitude against the number of vibration cycles was also recorded. Figure 2 shows the microstructure of the Sn-Zn specimen, displaying a typical microstructure of rapidly solidified Sn-Zn eutectic structure. Each eutectic cell possessed aligned acicular Zn-rich particles. Worthy of notice is that regions with no Zn needles can be observed in-between two or three eutectic cells (as indicated by arrows). The effects of Al on the microstructure were quantitatively measured and are shown in Table I . When the Al content was raised, the Zn needles were refined, and thus the intervals between eutectic Zn or Sn were significantly reduced. Also, the Sn matrix became strengthened. The microhardness of the Sn-Zn-0.5Al (Hv ‫ס‬ 25.1) is higher than that of the Sn-Zn-0.2Al (Hv ‫ס‬ 22.6), which is in turn higher than that of the Sn-Zn sample (Hv ‫ס‬ 19.5).
The dependence of deflection amplitude on the number of vibration cycles (D-N curves) for the fixed vibration force of 2.5 g (g ‫ס‬ 9.8 m/sec 2 ) is shown in Fig. 3 . The resonant frequency for the samples (Table I) differed little from each other, and the value for the Sn-Zn-0.5Al sample is slightly greater. The D-N curves reveal that the initial deflection increased with a higher Al content, and all the curves started to descend after a stage with constant deflection amplitude due to the deviation of the actual vibration frequency from the resonant frequency caused by vibration fracture.
Of particular interest are the deformation structures shown in Figs. 4 and 5, which were observed within the regions in-between the two V-notches. Figure 4 illustrates the fibrous deformation structure of the Sn-rich phase within Sn-Zn eutectics. Interestingly, instead of Sn . The diameter of the whiskers ranged from 2 to 4 m, and the whisker length was about 10 m. In addition, the whisker density of the Sn-Zn-0.2Al specimens (825/mm 2 ) was substantially higher than that of the Sn-Zn-0.5Al specimen (81/mm 2 ). For over 50 years, investigations into Sn whiskers have been ongoing due to their importance in the reliability of electronic devices. 11 It is well-known that Sn whiskers are always observed on the surface finish of Sn-based metals, and their occurrence is regarded as a stress relief phenomenon. 12 Several mechanisms have been proposed to account for the growth of Sn whiskers. 13 In addition to the residual stress (from the deposition process) and mechanical stresses (mainly resulting from interfacial IMC growth and the diffusion thus induced), Sn whisker growth driven by electrical current stressing has also been reported recently.
14 In short, the growth of Sn whiskers is similar to the extrusion of a wire under high pressure, except that in whisker growth it occurs by atomic diffusion rather than mechanical flow. 15 Previous reports 12, 13, 15, 16 mentioned that besides the compressive stress, protective surface oxide on sample surface is the other necessary condition for whisker growth. It has been reported that whisker growth takes place at a weak spot or break in the oxide layer. Without the surface oxide, a homogeneous relaxation may occur over the entire Sn film and thus reduce driving force for the growth of whiskers. 15 Oxide layer has also been observed on the surface of the whiskers. The oxide on the whisker is needed to prevent lateral growth to maintain a constant cross section of the whisker. 12 Considering the vibration testing performed in this study, high frequency cyclic compressive and tensile stresses were applied on regions near the notches, especially the specimen's surface. To dissipate the vibration energy, dislocations glided, 17, 18 and thus soft Sn-rich phase deformed. In the case of alloys with large proeutectic Sn dendites, such as Sn-Ag or Sn-Cu systems, extrusion-intrusion of the complex slip systems of the body centered tetragonal Sn results in wavy slip lines under such a high-frequency repeated stress. 19 As for the eutectic Sn-Zn alloy, the uniformly dispersed Zn needles stunt the deformation of Sn phase and thus fibrous Sn forms in-between eutectic Zn (Fig. 4) . When Al was added, the refined and hardened structure suppressed the fibrous type Sn deformation within Sn-Zn eutectics.
Consequently, it appears that Zn-free regions around cell boundaries extruded to form the whiskers within several minutes. Unlike whisker growth in other cases, the whisker formation in this study is independent of long-range diffusion.
As mentioned above, the Sn surface oxide acts as an important role in the growth and appearance of whiskers. Since the Sn deformation within the fine, hardened eutectic regions of Sn-Zn-Al alloys was restricted, the stress can be relieved only through the Sn whisker growth in Zn-free regions at the triple cell junction. The Rapid Communications location and near-constant diameter of the whiskers by vibration is closely related to the microstructural feature of solders rather than surface oxide layer. Therefore, whiskers generated in vibrating bulk solder probably differ from those formed on the Sn film and can be regarded as a unique deformation behavior.
Moreover, excessive Al addition may blunt this whisker growth due to a more hardened matrix [ Fig. 5(c) ]. Besides the hardening effect, the refinement caused by Al is noticeable. Although Bi and Ga are able to strengthen the Sn-Zn eutectics, there were no Sn whiskers found in the vibrated structure of Sn-Zn-Bi or Sn-Zn-Ga solders probably due to their coarse microstructure. 20 It has been reported that thermal cycling, which induces cyclic stresses, is also very efficient in generating whiskers on Sn finish. However, the Sn whiskers generated by vibration herein possessed a much higher density and growth rate than those in previous researches. This phenomenon is likely to cause reliability problems, and thus further systematic studies are needed.
